The aim of the studies was to develop an alternative method which could overcome the lack of sampling to improve the efficiency of control efforts for bovine endemic fluorosis. The spatial distribution characteristics of the disease were analysed and a prediction model for the estimation of fluorosis distribution in some districts in northwest Liaoning province in China was established. The model used ordinary kriging, and was evaluated using cross-validation. Analysis showed that the distribution of the disease was spatial autocorrelation. The prediction error of the cross-validation (ME = -0.0092, PMSE = 0.627, AKSE = 0.597, and RMSP = 1.007) and comparison with the actual disease distribution indicated that the prediction map accurately distributed bovine endemic fluorosis. It is feasible to predict bovine endemic fluorosis in the area by using ordinary kriging and limited data.
Introduction
Endemic fluorosis has been a considerable health problem worldwide, especially in India, Japan, China, Mexico, and Africa. It is prevalent in 29 provinces, municipalities, or autonomous regions in China (3, 15) . Chronic ingestion of fluoride-rich fodder and water leads to the development of endemic fluorosis in animals. Large-scale mining and industrial activities have made the situation even more precarious (21) , because burning coal causes a particular type of endemic fluorosis in China (6) . Fluorosis in these animals could be related to fluoride emissions from various urban and industrial sources in the region. The main pollution sources are large power plants that burn locally-mined brown coal, which contains high concentrations of sulphur and fluoride. The disease in animals is mainly characterised by clinical signs present in the musculoskeletal system. They include discolouration and softening of teeth, difficulty in mastication, bony exostosis, lameness, and painful gait. In addition, high fluoride concentration in the body also affects other systems leading to anaemia, debility, reduced production and mortality (8, 19) . This is also a very widely encountered endemic disease, causing considerable harm to cattle. Bovine endemic fluorosis imposes severe and sustained economic hardships upon countries (21) . Knowledge of the distribution of the disease might help its control and eradication. However, challenges facing control and prevention of the disease relate, in part, to the inability to characterise risk accurately in some areas lacking sufficient monitoring data, because of the wide distribution of cattle, high mobility of livestock, and limited points of disease monitoring. It is timeconsuming, laborious, and inefficient to monitor all cattle. Therefore, the knowledge of how to use limited local monitoring data in order to predict the distribution of bovine endemic fluorosis in the entire region is very important. A cross-disciplinary approach may be one of the ways to discover new methods.
The geographical information system (GIS) has emerged as an important component of many projects in public health and epidemiology (1, 4) . Its spatial analysis function can be widened and strengthened by using spatial statistical analysis, allowing for the deeper exploration, analysis, manipulation, and interpretation of spatial patterns and correlation of the disease. In presented studies, an alternative method was developed based on GIS and spatial statistical analysis, which could overcome the lack of sampling to improve efficiency of control efforts for bovine endemic fluorosis.
Material and Methods
The study was conducted in north-west part of the Liaoning province in China (approximately 18 800 km 2 ). Endemic fluorosis in the province is mainly caused by drinking water and burning coal. Its distribution is widespread and severe. There are 645 387 human patients suffering from dental fluorosis and 45 078 suffering from skeletal fluorosis in 2705 villages of 13 cities, these totals being derived by combining general survey and random sample data between 1994 and 2004 from the Disease Prevention and Control Center of Liaoning Province. But there are few data about bovine endemic fluorosis. The study region has a long history of environmental pollution from different urban and industrial sources.
Data from 80 bovine endemic fluorosis outbreaks, including geographical coordinates (latitude and longitude) and incidence (%), were collected form the Animal Disease Prevention and Control Center of Liaoning Province between 1999 and 2004. Cattle were clinically examined for manifestations of fluorosis, namely dental lesions, bony exostosis (on the fore legs, hind legs, ribs, and forehead) and lameness. The incidence was calculated by using the following formula: number of animals showing lesions/total number of animals examined. The spatial distribution characteristics of bovine endemic fluorosis were analysed, then a prediction model for the estimation of fluorosis distribution was established using ordinary kriging and was evaluated using cross-validation. Kriging refers to a family of least-square linear regression algorithms that attempt to predict values of a variable at locations where data is not available based on the spatial pattern of the available data. Ordinary kriging is the only technique that considers two sources of information regarding the attribute, variation, and distance between points. The data was divided into two parts: 40 spots as "training samples" were randomly selected to analyse the spatial autocorrelation of bovine endemic fluorosis and another 40 spots as the "testing samples" were selected to verify the disease distribution at this area. The vector map of the spatial distribution of the "testing samples" was produced with GIS software ArcGIS 9.0 (ESRI, USA).
A semivariogram was used to analyse the spatial autocorrelation of the fluorosis distribution in the area according to outbreak spot locations and the incidence of "training samples". Plotted here by the ArcGIS 9.0, the semivariogram is a statistical model, which represents how the data vary spatially across the area of interest. The variation between points is measured using the semivariance. Pooling pairs of data at a geographic distance h, the semivariance (h) of the sample can be written as (Eq. (1)): (1) where N(h) is the number of pairs of points separated by distance h. Once the semivariogram function has been computed from the sampled values at different locations, the next step is to fit a parametric semivariogram g(h) where x is a spatial index. A common method used to fit parametric semivariogram models to the sample semivariogram is the weighted least squares method. In this study, an exponential model was used to fit the sample semivariograms. Specifically, this model parameterises the semivariogram in the following way (Eq. (2)): (2) where C0, C1, and α are called nugget, sill, and range respectively. Range can be used to determine the size of the autocorrelation range between variables. From analysis of the experimental variogram, a suitable model (e.g. spherical or exponential) is then fitted, usually by weighted least squares, and the parameters (e.g. range, nugget, and sill) are then used in the ordinary kriging procedure.
A prediction map for the bovine endemic fluorosis was established using the ordinary kriging by using the ArcGIS 9.0 Geostatistical Analyst (ESRI, USA) based on the "training samples" data and the structural characteristics of the semivariogram. Kriging is considered an optimal method of spatial prediction. It refers to a family of least-square linear regression algorithms that attempt to predict values of a variable at locations where data is not available, based on the spatial pattern of the available data. Ordinary kriging is the typical method and it relies on the observations of the target variables and their corresponding spatial positions. Its accuracy depends on the spatial dependence expressed by the variogram model. The prediction model was evaluated by cross-validation.
To compare different interpolation techniques, the difference between the known data and the predicted data was examined using the mean error (ME) (Eq. (3)), root mean squared error (RMSE) (Eq. (4)), average kriging standard error (AKSE) (Eq. (5)), and root mean square standardised prediction error (RMSP) (Eq. (6)). (6) where (xi) is the predicted value, z(xi) the observed (known) value, and N the number of values in the dataset (14, 23) .
Results
Semivariogram analysis showed that the semivariogram model was spherical and its range was 0.0307. It demonstrated the variation of bovine endemic fluorosis in space was related to the distance apart so that when the distance was less than 0.0307, the distribution of the fluorosis in the area was spatial autocorrelation.
The prediction map of bovine endemic fluorosis distribution in the area was established based on the semivariogram using ordinary kriging (Fig. 1) . The different colours represent the different incidence of the disease, the darker the colour, the higher incidence of the disease. By using ArcGIS9.0 the vector prediction map was superimposed on the vector map of "testing samples" spatial distribution. In this composite, a spot represents the location of the disease, and the size of the spot represents the "testing samples" disease incidence level, hence the bigger the spot, the higher the incidence of the disease. Superimposition indicated that the spatial distribution prediction map of bovine endemic fluorosis matched the real incidence of the disease in this area well. The result of the prediction error of the crossvalidation is that ME = -0.0092, PMSE = 0.627, AKSE = 0.597, and RMSP = 1.007. The crossvalidation showed that the prediction map could estimate the distribution of bovine endemic fluorosis in the area correctly.
Discussion
Cases of endemic fluorosis have been reported worldwide in human and animal populations, due to either high natural background levels of fluoride (8, 9, 12, 18, 16) , or to fluoride released from anthropogenic sources (13, 18, 20, 22, 24) . Bovine endemic fluorosis is a biogeochemical endemic disease, and its geographical distribution relates closely to the environmental factors of habitats and has some spatial characteristics, and therefore the correct analysis of the spatial distribution of the fluorosis for monitoring and control of the disease plays an important role. However, the number of monitoring spots is small and the monitoring data are very limited. How to use the limited data to show the general spatial distribution of the disease is a key issue in building an efficient spatial monitoring method.
GIS is a practical tool in animal disease epidemiological research. The use of GIS and spatial statistical analysis in public health is now widespread. GIS has been used in the surveillance and monitoring of vector-borne (10) and water-borne diseases (2) . It can model and analyse spatial data and explore the risk factors. It also can forecast the distribution of the disease by sampling and reduce the data-collection workload.
Cross-validation techniques were used to evaluate the suitability of the prediction model. It is common practice to use cross-validation to validate the accuracy of an interpolation (23) . Cross-validation is achieved by eliminating information, generally one observation at a time, estimating the value at that location with the remaining data and then computing the difference between the actual and estimated value for each data location. Cross-validation is an excellent manner of solving the inconvenience of redundant data collection, and hence all of the collected data can be used for estimation. The cross-validation technique is used to choose the appropriate variogram model among candidate models and to select the search radius and lag distance that minimises the kriging variance (7) .
In this paper, spatial distribution characteristics of bovine endemic fluorosis were analysed, a prediction model of the disease distribution in the target district was established using ordinary kriging, and the model was evaluated using cross-validation. Kriging was used to estimate the spatial pattern of apparent within-herd prevalence of the map. This method is advantageous because along with a smooth surface of predicted prevalence, a map of prediction variance is also produced. The method assumes a stationary rate, but it has also been effective on non-stationary rates (11) . Kriging is based on the spatial correlation between measurements, which is modelled by the semivariogram. Usually, cross-validation techniques are used to check the performance of the kriging procedure (5). The mean error should ideally be zero, if the interpolation method is unbiased. If the model for the variogram is accurate, then the RMSE should equal the kriging variance, so that the RMSP should be equal to 1. If the RMSP is greater than 1, the variability in the predictions is being underestimated, and vice versa. Likewise, if the average kriging standard errors (AKSE) are greater than the root mean square prediction errors (RMSP), the variability is overestimated, and vice versa. The combined evaluation of these scores provides the best method of evaluating the model and the kriged variable. The analysis showed that the distribution of bovine endemic fluorosis was spatial autocorrelation and the calculated prediction error of the cross-validation showed that this method is reliable. The prediction error of the crossvalidation and the comparison with the actual disease distribution indicated that the prediction map matched well with the genuine distribution of the disease in this area.
In summary, it is feasible to predict bovine endemic fluorosis in the area by using ordinary kriging and limited data from the surveillance spot. This method overcomes the lack of data of sampling sites. Moreover, the prediction model will provide fundamental knowledge for other studies on spacerelated animal epidemics. 
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